Abstract-This paper presents an automated handling approach of two-dimensional nanomaterials using a robotic setup inside a high-resolution scanning electron microscope. Applying image processing of the visual feedback provided by the electron microscope, a fully automated sequence is developed to align a robotic driven force sensor with sub micrometer accuracy and to conduct nanoindentation measurements on a periodically perforated substrate. As an example, this automated sequence is utilized to examine the mechanical properties of a few-layer graphene membrane. The results of the mechanical characterization are compared to Raman spectroscopy data. The paper discusses the advantages and restrictions of this technique and responds to further application scenarios.
INTRODUCTION
Two-dimensional (2D) materials have become one of the most active research areas within the last decade. Since the first experimental demonstration of graphene and its extraordinary electrical characteristics in 2004 [1] , a variety of 2D materials has been discovered and studied [2, 3] . The physical and chemical properties of this new class of materials are exotic and outstanding [3, 4] , promising many application scenarios, e.g. nanoelectronics [5] , sensors [6, 7] and energy [8] . However, reliable fabrication-, handling-, modificationand functionalization techniques of 2D materials are still in its infancy or completely unknown and therefore, industrial exploitation of this material class is limited until today. In particular, the huge surface and the associated strong interactions with the environment, the high impact of contaminations as well as the immense influence of crystal imperfections on the properties of the material pose a wide range of challenges.
Robotic setups with nanometer positioning accuracy are promising candidates to address some of the challenges mentioned above. Numerous implementations of these systems have already been verified with regard to exfoliation [9] , [10] , characterization [11, 12] and processing [13] [14] [15] [16] of 2D materials. Almost all of the published work was based on individual handling procedures controlled by manual feedback and thus, the application perspectives of the proposed techniques are constrained. Due to the high positioning accuracy combined with high reproducibility, the nanorobotic handling procedures are well-suited to be automated. However, only moderate effort has been spent on computerized control of robotic manipulation of 2D materials until now. This paper presents a first experimental approach of automated mechanical characterization of 2D carbon nanomembranes using a robotic driven force sensor and visual feedback of a high-resolution scanning electron microscope. The paper is structured as follows: Section II introduces the experimental setup and environment and Section III explains the development of the automated handling strategy. The experimental execution of this technique is shown in section IV. Finally, section V summarizes the result.
II. EXPERIMENTAL SETUP
Nanorobotic imaging and manipulation techniques, such as scanning tunneling or atomic force microscopy (AFM) and lithography, offer high lateral resolutions down to the atomic scale, but they are commonly restricted to workspaces within several micrometers. A combination of scanning electron microscope (SEM) and nanorobotic imaging and manipulation allows inspection of macroscopic workspaces and therefore increases the working range significantly. Nanomembranes are ideal candidates for this scenario as they are partially transparent for electron microscopes. Therefore, regions of interest on a device or test substrate covered with nanomembranes can be easily recognized using SEM imaging. Afterwards, the endeffector of the robotic systems can be aligned and the robotic manipulation, e.g. electrical and mechanical characterizations or targeted modifications, can be conducted. Due to the high lateral resolution of several nanometers in tandem with a high depth of focus, the visual feedback of the SEM is also appropriate to be applied as a feedback signal to control the motion of the robot (commonly known as "visual servoing").
To take advantage of the aspects mentioned above, the experimental setup used for automated mechanical characterization of nanomembranes proposed within this paper, consists of two nanorobotic stages that are mounted within the vacuum chamber of a high-resolution SEM (TESCAN -Lyra FEG). Both robotic stages comprise three orthogonally aligned linear axes offering three degrees of freedom, respectively. The first robotic stage (SmarAct SLC system) is slip-stick driven and serves as the sample holder. This stage is actuated manually to align the region of interest of the test substrate with the manipulator of the second nanorobotic stage. This second stage (Physik Instrumente -Hera) is applied for all automated handling procedures described within this work. The stage is piezo driven and equipped with capacitive positioning sensors providing a closed-loop accuracy of at least 1.6 nm. The range is up to 100 μm in lateral and up to 50 μm in vertical orientation. A piezoresistive cantilever (SEIKO PRC 400) with a tip radius below 20 nm is used as the endeffector in order to measure applied forces on the nanomembranes during the indentation measurements. Detailed information on the performance of the whole setup and the individual performance of each system can be found elsewhere [17] .
III. AUTOMATED HANDLING STRATEGY
The automated handling sequence proposed within this paper will be introduced in detail in this section, focusing on the description of the software framework and the automation environment, the lateral calibration of the robotic setup and the development of the sequence.
A. Software Framework
Automated manipulation and handling processes on the nanoscale require fast processing of different sensor in-and output signals. In this particular case, noisy electron image data will be applied to detect nanoobjects and to track the movement of the robotic endeffectors and therefore diverse image processing steps are necessary. Meeting these challenges, a special tailored software framework has been developed. The OFFIS Automation Framework enables the rapid prototyping of vision-based automation systems, significantly reducing design times. The most common image processing algorithms are supplied with the software. From an internal perspective, the Automation Framework is using algorithms from the OpenCV-Framework. These algorithms are highly optimized to the target architecture and therefore provide a very sufficient performance [18] . Further, several types of image sources can be used e.g. visual feedback of the SEM or AFM image data. Overall complex image processing pipelines can be created in just a few minutes with a simple drag-and-drop interface. Nevertheless, the pipelines are highly flexible, by allowing many customizing options e.g. algorithm parameters. The automation environment allows for interaction with the created image processing pipelines from simple scripts, written in the python programming language. Additionally, remote-controlled-units can be accessed providing a high-level access to real hardware components such as stages, axes or robots. Here, for example, an AFM-tip and the SEM were used as a remote-controlled-unit. The OFFIS Automation Frame-work is currently in internal testing and will be available as a free download to public beginning Q2 / 2013 (http://automation.offis.de).
B. Automation Environment
A scanning electron micrograph image of the experimental environment used for the development of the automated handling strategy is shown in Fig.1 . The test substrate consists of an ultraflat Si sample covered with 50 nm SiN. This sample has been modified using ion beam milling.
In this way, a test pattern consisting of 64 holes with 2 μm diameter and a spacing of 5 μm between the individual centers of the holes has been created. To allow high-resolution electron imaging, a double layer of 1 nm Cr and 10 nm Au has been deposited onto the substrate using a magnetron sputtercoater. The piezo-resistive cantilever can be identified in the upper left corner of the image. In order to facilitate the tracking of the cantilever, a cross structure has been created on the cantilever leading to a more pronounced contrast within the SEM image. The scale bar indicates that the 100 μm range of the cantilever is sufficient to cover the whole test pattern.
C. Lateral Calibration of the Endeffector
The visual feedback of the SEM can be used to align the lateral position of the cantilever. However, the exact position of the tip remains unclear as the cantilever can only be seen in top-view. A side-view image of the used cantilever including the tip is shown in Fig. 2 a) . The knowledge of the precise position of this tip is mandatory to apply the cantilever for automated nanoindentation measurements. Therefore, a tip calibration procedure has been developed based on the fact that the robotic setup can be applied as an AFM. Using a cross structure, created by focused ion beam milling, as shown in Fig. 2 b) , c) the AFM image data can be used to detect the center of the cross and to align the tip. Subsequently, the top view SEM image is applied to reconstruct the position of the tip in contact mode as illustrated in Fig. 2 d) . This method has been performed several times leading to a position detection accuracy of approximately 100 nm. Based on this result, an image template of the cantilever can be created in order to track the position of the tip in contact mode precisely. 
D. Development of the Automation Sequence
The principle idea of the periodically perforated test pattern shown in Fig. 1 is to determine the mechanical properties of 2D nanomaterials deposited on top. Due to the predefined shape of the holes, nanoindentation measurements can provide direct information on the local mechanical properties of the membrane such as Young's modulus or pretension. Previous work applied AFM imaging and manipulation for this characterization purpose [11] , [19] ,representing a cumbersome and low throughput technique. In order to facilitate robot based characterization techniques of 2D nanomaterials, this work aims to develop automated sequences. The vision-based part of the automated sequence consists of one input processing pipeline and two image processing pipelines that are both dependent on the visual feedback of the SEM (see Fig. 3.) . The input pipeline SEM visual feedback takes the visual feedback of the SEM and performs several image data enhancing algorithms e.g. removing Gaussian noise. Thereafter the image data is given to the next pipelines. The gained information about the position of the tip as described in section III. The procedure described in subsection C. can be successively utilized to create an image template. The first pipeline Position of cantilever performs a template matching algorithms with this template giving direct feedback of the tip position within the electron image shown in Fig. 4 .
The "Position of holes" is working with binary image data. Therefore, the image data from the SEM is thresholded. Binary morphology is used to remove undesired noise.
For example, the operation closing allows for removing holes inside foreground objects [20] . In order to ensure that only real holes are detected a Region of Interest (ROI) is applied to the image data gathered from the SEM. The ROI contains the holes and must be defined manually once with simple drag-and-drop inside the OFFIS Automation Framework. The holes can then be detected with binary large object detection. Finally, the found objects are used to calculate their center (see Fig. 4 .). The accuracy of the center's position detection was found to be below 200 nm.
The results from the image processing pipelines (here: position of the tip and the holes) are accessible from the automation environment. In total three automation sequences were programmed in the python programming language.
1. Measurement calibration: By combining the retrieved tip position with the capacitive position (sensor input) a coordinate system calibration can be done. This allows for the conversion between the image and cantilever coordinate system.
Cantilever calibration / Reference Measurement:
To allow for a comparison, a reference measurement is done. The measurement performs the same steps as the hole measurement on the substrate and can be applied to eliminate the influence of cantilever self-bending.
3. Hole measurement is the main automation sequence and therefore described in detail in the following paragraphs. Based on the found holes by the image processing pipeline "Position of holes" the following sequence is performed (see Fig. 5 .):
1. Check if a sufficient number of holes is found. Due to misplacement of the membrane or artifacts on the substrate often a few holes cannot be detected. It was decided to start the sequence only if at least a minimum number of holes have been found with image processing.
2. Move the tip of the cantilever to the center of a hole.
Move the tip down to the nanomembrane (touchdown).
4. Perform indentation measurement with a welldefined total distance of 150 nm. The step size was set to 10 nm. Every step is performed with a 0.2 second time lag.
5. Lift up of the tip; prepare for the next measurement.
6. Continue with step 2 until every hole was measured. While performing the nanoindentation, the OFFIS Automation Framework measures sensor data (e.g. force, travel distance and position) with a frequency of 10Hz, equals 30 measuring points per indentation. At the end of the sequence a CSV file is stored for further examination. A single hole measurement takes about eight seconds. Therefore, a measurement of 100 holes including measurement calibration and a reference measurement only takes about 14 minutes.
IV. EXPERIMENTAL IMPLEMENTATION
To evaluate the automated characterization sequence, a test pattern consisting of 100 holes has been partially covered with a few-layer graphene (FLG) membrane. The used FLG samples (thickness: 1 -6 graphene layers; Graphene Laboratories Inc. ) have been grown on Ni substrates by means of chemical vapor deposition and have been transferred on a grid covered with a lacey carbon film as shown in Fig. 6  a) . The lacey carbon film is spanned like a net and supports the FLG. Due to the presence of large holes within the lacey carbon, the FLG membrane is partially freely suspended. Such a hole can be identified in the center of Fig. 6. a) . In order to transfer this membrane onto the test structure, a nanorobotic pick and place handling procedure has been applied using a high-aspect ratio tungsten tip and focused ion beam cutting [21] as illustrated in Fig. 6 b) . A top-view image and a highresolution image of the transferred membrane on the holes are shown in Fig. 6 c) and Fig. 6 d) , respectively. Brighter spots on this membrane are due to PMMA residuals. An optical light microscopy image of the transferred membrane and a map of the relative Raman intensities of the G, D and 2D signals of FLG within the marked area are shown in Fig. 7 . Each white dot represents an individual Raman measurement using an excitation wavelength of 532 nm and a beam power of 8 mW. The map is based on the relative intensities of the spectra at the wavenumber 1575 cm -1 (G), 1345 cm -1 (D) and 2690 cm -1 (2D). The Raman spectra of graphene and FLG are influenced by several factors such as substrate type, doping level, thickness, defect density etc. [22, 23] . The observed G signal is more or less uniformly distributed over the whole membrane. The signal can be associated to graphitic as well as amorphous carbon regions [24] and therefore areas with and without lacey carbon contribute to this signal. The D peak signal is pronounced over the whole membrane as well and is related to defects, induced by either growth or transfer processes. Consequently, the quality of the membrane is rather poor. Commonly, the intensity ratio of the 2D/G signals decreases with increasing number of graphene layers [25] . The area with higher 2D intensities can be associated to the FLG sample area without lacey carbon, being consistent with the optical microscope image.
The automated mechanical characterization of this membrane has been implemented successfully by usage of the automated sequence described in section III. The resulting data has been processed by subtracting the self-bending of the cantilever and by converting the voltage signal of the cantilever into a force signal. The processed results reveal two characteristic types of indentation curves as shown in Fig. 8 . The first curve, illustrated in Fig. 8 a) , is the typical result of a successful nanoindentation measurement of an atomically thin membrane [11, 19] . Based on non-elastic stress strain response models, the gained information of this measurement can be used to determine the local mechanical properties, such as elastic stiffness and effective pre-stress. If the exact thickness of the membrane is known, the pretension and Young's modulus can be concluded, as previously reported [21] . This type of curve appears in approximately 90% of all conducted indentation measurements of this membrane. The second curve type, illustrated in Fig. 8 b) , is not characteristic for indentations of suspended membranes. The shape of the curve is due to the absence of adhesive contact of the membrane and the underlying substrate. Therefore, during indentation, the membrane is first pressed against the substrate. Afterwards the actual indentation of the membrane starts. It is not clear whether the membrane is fixed onto the substrate during indentation. Furthermore, elastic stress-strain response model do not take this particular case into consideration and therefore, this type of indentation curve is not suitable for reproducible determination of the mechanical properties of the 2D material. However, the curve gives direct information on the contact between substrate and membrane and therefore it is suitable to qualify transfer processes.
In direct comparison to the Raman map, it can be stated that the curve type shown in Fig. 8 b) correlates with the conspicuous peaks of the 2D and D signals. Consequently, the high intensity might be due to buckling of the membrane as well as to absence of substrate contact, rather than to local variations of thickness or higher defect densities of a flat membrane.
V. CONCLUSION AND OUTLOOK
The development of an automated characterization sequence of 2D materials using a nanorobotic driven force sensor and visual feedback of an electron microscope has been presented. This technique has been implemented successfully to determine the local mechanical properties of a FLG membrane and to clarify the information gained from Raman spectroscopy data.
The presented automated mechanical characterization sequence could be a first step towards automated processing of 2D materials by means of nanorobotic techniques in general. There are several application scenarios benefiting from this technique. For example, the covalent functionalization of whole sheets of 2D materials goes along with considerable deteriorations of the electrical and mechanical properties. An automated nanorobotic modification technique could adapt the properties of the 2D material locally and might lead to local functionalized 2D materials without disturbing the properties of the whole sheet. Such an automated sequence would require only moderate changes compared to the sequence presented within this paper. Further scenarios could be automated dippen nanolithography or automated creation of 2D nanoribbons by means of local probe techniques.
The main restrictions of the presented technique are associated with the SEM. On the one hand, vacuum conditions are necessary to conduct the characterization, weakening the competitive strength of this technique. On the other hand, the properties of 2D materials are highly influenced by contaminations and defects that can be both induced by the used electron beam. Therefore, future work will focus on the development of automated nanorobotic sequences using visual feedback of light microscopes. In this way, the restrictions going along with the SEM will be avoided.
